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We have carried out fully relativistic full-potential, spin-polarized, all-electron density-functional
calculations for straight, monatomic nanowires of the 5d transition and noble metals Os, Ir, Pt and
Au. We find that, of these metal nanowires, Os and Pt have mean-field magnetic moments for
values of the bond length at equilibrium. In the case of Au and Ir, the wires need to be slightly
stretched in order to spin polarize. An analysis of the band structures of the wires indicate that the
superparamagnetic state that our calculations suggest will affect the conductance through the wires
— though not by a large amount — at least in the absence of magnetic domain walls. It should
thus lead to a characteristic temperature- and field dependent conductance, and may also cause a
significant spin polarization of the transmitted current.
PACS numbers: 75.75.+a, 73.63.Nm, 71.70.Ej
I. INTRODUCTION
There is presently a strong interest in the physics of
metal nanowires of atomic dimensions. A freely hang-
ing metallic nanowire is formed when two pieces of ma-
terial, initially at contact, are pulled away from each
other over atomic distances. In the process a connec-
tive bridge or neck elongates and narrows. Experimen-
tally, segments of such nanowires have been formed be-
tween tips, in particular of Au,1,2 but very recently also in
break junctions of Pt and Ir.3. The one-dimensional char-
acter of nanowires cause several new physical phenom-
ena to appear, like quantized conductance4 and helical
geometries.1,5,6 With respect to the bulk metal, the freely
hanging nanowires are of course unstable and therefore
transient objects, which undergo thinning and eventual
breaking. Nevertheless, the kinetics leading to that thin-
ning process slows down when reaching special “magic”
geometries, where long lifetimes of several seconds have
been recorded. The occurrence of magic geometries has
been proposed to correspond to local minima of the
nanowire effective string tension.6 Some of these wires are
only a few atomic layers thick, but can extend in length
up to 15 nm, which corresponds to roughly 50 gold-atom
diameters.1 Ultimately thin wires, consisting of only a
single atomic strand, so-called monowires — necessar-
ily much shorter than the above mentioned thicker wires
— have also been observed.3,7,8 Besides these transient
objects, another type of nanowires, which are stable,
also exist. Structurally stable nanowires can be grown
on stepped surfaces, like for example the recently ob-
served Co monatomic chains on Pt substrate,9 or inside
tubular structures, like the Ag nanowires of micrometer
lengths grown inside self-assembled calix[4]hydroquinine
nanotubes.10
An interesting question is of course if, when and how
magnetism may appear in nanowires and how— if that is
the case — this affects the other properties. Those met-
als, which are magnetic already in bulk, can be expected
to be magnetic also as nanowires, Hund’s rule being re-
inforced by lower coordination. But may also normally
non-magnetic metals magnetize in nanowires form? It
has been suggested that even a jellium confined in a thin
cylinder may in principle magnetize for certain radii of
the cylinder.11 However, the moment formation is con-
fined to very special radii or electron densities, and the
associated energy gain is very small. That is of course
so because exchange interactions, as described by Hund’s
first rule, are not particularly strong in an sp band metal
(e.g., Na or Al), a typical system that might be thought
of as a jellium. The situation is radically different for
transition metals of the 4d and 5d series. Because of the
partly occupied d orbitals, their ability to magnetize is
much stronger and of a fundamentally different nature
compared to the jellium. In bulk, the resulting large ex-
change interactions of these metals are overwhelmed by
the large electron kinetic energies, resulting in very large
bandwidths and a nonmagnetic ground state.
In the present work, we concentrate on monatomic
wires made up of the 5d elements Os, Ir, Pt and Au,
investigating the possibility of ferromagnetism12 in these
nanowires. Of these metals, Os and Ir exhibit mono-
layer magnetism on Au or Ag substrates.13,14 Os, Ir, and
Pt might conceivably develop Hund’s rule magnetism in
free-hanging nanowire form, due to their partly empty
d shell. Au, on the other hand, is basically an sp met-
als but with some d orbitals quite close to the Fermi
level, making it a borderline case. If strong Hund’s rule
magnetism develops in these wires, the number of con-
ductance channels would be greatly influenced, and the
results could show up in the form of, e.g., strong and un-
usual joint magnetic field and temperature dependence
2in the ballistic conductance.
Of course, thermal fluctuations in nanowires are ex-
pected to be very large, which would destroy long range
magnetic order in the absence of an external mag-
netic field. Depending on temperature and on external
field, there will nevertheless be two different fluctuation
regimes: a slow one and a fast one.
Slow fluctuations such as those attainable at low tem-
peratures and/or in presence of a sufficiently large ex-
ternal field take a nanomagnet to a superparamagnetic
state, where magnetization fluctuates between equivalent
magnetic valleys, separated by, e.g., anisotropy-induced
energy barriers. If the barriers are sufficiently large the
nanosystem spends most of the time within a single mag-
netic valley, and will for many practical purposes behave
as magnetic. We may under these circumstances be al-
lowed to neglect fluctuations altogether, and to approxi-
mate some properties of the superparamagnetic nanosys-
tem with those of a statically magnetized one. Ex-
perimentally, evidence of one-dimensional superparam-
agnetism with fluctuations sufficiently slow on the time
scale of the probe was recently reported for Co atomic
chains deposited at Pt surface steps.9
At the opposite extreme — a situation reached for ex-
ample at high temperatures, and in zero external field
— the energy barriers are so readily overcome that the
magnetic state will be totally washed away by fast fluctu-
ations, leading to a conventional paramagnetic state. A
complete description of this high entropy state is beyond
scope here, and we have chosen, as is usually done, to ap-
proximate it with the conventional T = 0 nonmagnetic,
singlet solution of the Kohn-Sham electronic structure
equations.
In this paper we will only deal with straight undimer-
ized wires. This might appear oversimplified, since, for
instance, it has been calculated that infinite gold wires
have a local energy minimum for a zigzag structure.15
Similar structures are also possible for the other metals
studied here. Our rationale for this simplification of the
wire geometry is that wires extended between two tips are
inevitably subject to stretching. The simple thermody-
namics causing the wire-tip atom flow of atoms and driv-
ing the thinning16 implies a finite string tension.6 Thus,
even if a free-ended wire favored a zigzag structure, this
effect will be washed out in the ultimate wire hanging be-
tween tips just before breaking of the contact. Moreover
possible dimerization of the wires, an issue whose possi-
ble relevance is restricted to gold, will not be considered
here.
II. METHOD
In the present density-functional-based17 electronic-
structure calculations we used the all-electron full-
potential linear muffin-tin orbital method (FP-LMTO).18
This method assumes no shape approximation of the po-
tential or wave functions. The calculations were per-
TABLE I: Calculated monowire and bulk equilibrium bond
length d. Also shown are the calculated magnetic mo-
ments per atom, with and without spin-orbit coupling, at the
monowire equilibrium bond length. The right-most column
displays the experimental ground-state configuration for the
free atoms.
wire wire bulk bulk moment moment free
d (A˚) d (A˚) d (A˚) d (A˚) (µB) (µB) atom
metal SR FR FR exp. SR FR moment
Os 2.31 2.30 2.76 2.73 1.3 0.3 4 (5D4)
Ir 2.31 2.34 2.75 2.71 0.8 - 3 (4F9/2)
Pt 2.42 2.48 2.79 2.75 - 0.6 2 (3D3)
Au 2.66 2.61 2.90 2.88 - - 1 (2S1/2)
formed using the generalized gradient approximation
(GGA).19 As a test, some calculations were also per-
formed using the local density approximation (LDA),20,
giving results very similar to the GGA ones. Further,
some calculations were double-checked using the WIEN
code,21 again with very similar results. We chose an all-
electron approach in order to rid our calculations of pos-
sible sources of doubt that may arise when using pseu-
dopotentials in the presence of magnetism and in non-
standard configurations.
The calculations were performed with inherently three-
dimensional codes, and thus the system simulated was an
infinite two-dimensional array of infinitely long, straight
wires. A one-dimensional Brillouin zone was used, i.e the
k-points form a single line, stretching along the z-axis of
the wire. The Bravais lattice in the xy-plane was cho-
sen hexagonal. Furthermore, we used non-overlapping
muffin-tin spheres with a constant radius in the calcula-
tions of the equilibrium bond lengths d. The magnetic
moments, bands structures, conductance-channel curves
and band widths were calculated using muffin-tin spheres
scaling with the bond length. Convergence of the mag-
netic moment was ensured with respect to k-point mesh
density, Fourier mesh density, tail energies, and wire-wire
vacuum distance.
We performed both scalar relativistic (SR) calcula-
tions, and calculations including the spin-orbit coupling
as well as the scalar-relativistic terms. The latter will be
referred to as “fully relativistic” (FR) calculations in the
following, although we are not strictly solving the full
Dirac equation, or making use of current density func-
tional theory. In the FR calculations, the spin axis was
chosen to be aligned along the wire direction.
3III. RESULTS AND DISCUSSION
A. Bond lengths and energetics
The chemical bonding in a wire is, of course, quite
different from the bonding in a bulk material. In a
monowire, there are only two nearest neighbors, and
therefore it is expected that the bond length minimizing
the total energy be smaller than in the bulk. This is in-
deed the case, as can be seen in Table I, where calculated
bond lengths for monowires and bulk are listed, together
with the experimental bulk values. Our bulk GGA calcu-
lations for the equilibrium bond lengths are in very close
agreement with the experimental values, and slightly un-
derbonding. Our corresponding LDA calculations (not
shown) yield, as expected, slightly shorter bond lengths,
and overbond. Our nonmagnetic nanowire calculations
compare well with existing ones in Refs. 15,16, and 22.
We should perhaps stress again that, strictly speaking, a
tip-suspended wire will not have a quasi-stable configura-
tion at the bond length which minimizes the total energy,
but at a slightly larger value since it is rather the string
tension than the total energy which should attain a local
minimum.6 Nevertheless, for simplicity, in the remainder
of this paper, the bond length which minimizes the total
energy will be called the equilibrium bond length.
Table I also shows our calculated mean-field magnetic
moments at the equilibrium bond lengths. The scalar
relativistic calculations (SR) predict the Os and Ir wires
to be magnetic at the equilibrium bond length. In con-
trast, the fully relativistic calculations (FR) predict a
much smaller moment for Os compared to the SR cal-
culation, no moment at all for Ir, and then, quite unex-
pectedly, a substantial moment in the Pt wire. Thus, the
spin-orbit coupling is seen to have a profound effect on
the existence and magnitude of the magnetic moments.
The rightmost column in Table I lists the experimental
atomic ground state configuration, showing that the free
Os, Ir, Pt and Au atoms have spin moments 4, 3, 2, and
1 µB, respectively. Thus, the predicted wire moments
are much smaller than the magnetic moments of the free
atom.
An interesting side question is whether there exists a
substantial magnetostrictive effect in the wires, i.e., if
the appearance of a magnetic moment in itself causes the
equilibrium bond length to increase. Although the cal-
culated wire magnetic moments are quite large in some
cases, we find that this has almost no effect on the equi-
librium bond length. The calculated equilibrium bond
lengths for the magnetic wires are indeed always larger,
but only very slightly so, typically one or two hundredths
of an A˚ngstro¨m. In fact, the strictive effect of spin-orbit
coupling is as large or larger (while still a small effect).
For the Os and Au wires, the bond length decreases when
the spin-orbit coupling is taken into account, whereas in
Ir and Pt it increases. De Maria and Springborg23 also
calculated a similar decrease of the Au monowire bond
length.
TABLE II: Energy difference per atom between wire and
bulk, and between the ferromagnetic and nonmagnetic wire.
SR = scalar relativistic calculation, FR = fully relativistic
calculation. NM = nonmagnetic calculation, FM = ferro-
magnetic calculation.
Ewire − Ebulk ENM −EFM ENM − EFM
(eV) (meV) (meV)
metal FR SR FR
Os 5.5 18 6
Ir 4.5 43 -
Pt 4.0 - 8
Au 2.3 - -
In order to analyze the stability of wire formation as
well as the stability of the magnetism in the wires, we
calculated the energy gain when the wire is allowed to
spin polarize, and also the energy difference between wire
and bulk. The results are displayed in Table II. For
Au, a bulk atom is around 2 eV more stable than the
monowire, whereas for Os, Ir and Pt, this energy differ-
ence is about twice as large. This rationalizes why wire
formation is easiest in Au. Energy differences between
monowire and bulk have been reported earlier for Pt and
Au, and our results are in good agreement with those
calculations.15,16,22 The energy gain due to spin polar-
ization is of course a much smaller quantity, and differs
greatly from element to element. For example, in the
scalar relativistic calculations, the energy gain for Ir is
much greater than that in Os, although the moment is
larger in Os than in Ir. It is also very sensitive to the
spin-orbit coupling. In the case of Os, the relative sta-
bility of the magnetic solution drops from 18 to 6 meV
when spin-orbit coupling is introduced. This drop for the
Os wire is to a large extent due to the magnetic moment
being much smaller in the FR calculation. Such a small
magnetic energy gains suggests that cryogenic tempera-
tures could be required in order for the slow fluctuation
regime to be reached, and magnetism to be observable,
in these nanowires.
B. Magnetic moments
The magnetic moments per atom monowire as a func-
tion of bond length are shown in Fig. 1. The solid lines
refer to the fully relativistic calculations (FR), and the
dotted lines to the scalar relativistic (SR) calculations.
The first thing to note is that all the metals studied ex-
hibit a magnetic moment for values of the bond lengths
at or close to equilibrium. Ir and Au merely need a slight
stretch in order to spin polarize. Another general feature
is that the magnetic profiles for the SR and FR calcula-
tions are very different.
For instance, the SR calculation for Pt predicts this
4metal to be magnetic only for stretched wires, whereas
the FR calculation predicts it to be magnetic in the whole
range of bond lengths studied (2.2 A˚ to 3.2 A˚). Also the
Os wire spin polarizes in the whole range of bond lengths
studied. Unexpectedly, for this metal the FR calculation
predicts the magnetic moment to initially decrease with
stretching whereas the SR calculation finds a monotoni-
cally increasing magnetic moment.
For Os, Ir and Pt, the magnetic moment reaches a
plateau value for very large bond lengths (around and
beyond 3.2 A˚, so large that the wires are most probably
since long broken). The value of this plateau magnetic
moment is close to, even if still below, the atomic spin
moment. In Au, the situation is quite different from that
of the other metals. The Au wire acquires a very small
magnetic moment, less than 0.1 µB in the FR calcula-
tion, for slightly stretched bond lengths. With further
stretching, the moment disappears again. Of course, it
will eventually reappear at larger (but unphysical) bond
lengths, because the free Au atom has a filled 5d shell
and one unpaired 6s electron, giving a pure s moment of
1 µB.
In order to shed some light onto the mechanisms be-
hind the magnetic profiles displayed in Fig. 1, we will
now analyze the electronic structure of the wires, using
band structures and the energy positions of s and d levels
relative to one another and to Fermi.
1. Relative positions of s and d levels
A determining factor for the magnetic state of transi-
tion metal atoms is the close competition between the s
and d states. According to the standard Aufbau principle
of orbital filling, the (n + 1)s orbitals should fill before
the nd orbitals, where n is the principal atomic orbital
quantum number. However, this rule is often broken for
heavier elements. The reason is that due to relativis-
tic effects influencing the kinetic energy of the orbitals
the relevant s and d levels are very close in energy, so
which one becomes populated in the end may depend on
a number of factors such as the fine balance between the
repulsion of the other orbitals in the shell, the energy
gained from completing a d shell (if possible), the energy
cost associated with populating both orbitals in the s
shell, and the form of the orbitals (due to different n).
In bulk, on a surface, or in a wire, the situation is fur-
ther complicated by hybridization and the accompanying
broadening of the atomic levels into bands. Magnetism
may not even appear at all, since for broad enough bands,
the exchange energy gain due to spin polarization cannot
match the increased cost in terms of kinetic energy. This
is the situation for the bulk 5d transition metals and also
for wires with very short bond lengths.
In order to quantify the relative positions of the s and
d levels for our wires, we plotted the bottom and top of
the s and d bands as a function of bond length, see Fig. 2.
The bottom and top of a band have been estimated us-
ing the Wigner-Seitz rule, so that the top is taken as the
energy where the wave function is zero, and the bottom
of the band is that where the derivative of the wave func-
tion is zero. This qualitative measure of the bandwidth
tells us the relative positions of the s and d states, espe-
cially for large bond lengths where the bands narrow into
atomic-like levels. Calculations must be taken up to very
large bond lengths (6 A˚), in order to recover the situation
close to that of free atoms. As we will see, this analysis
of the relative band positions catches the main trends for
the wire magnetic moments. In Os and Ir, we see that the
d level is slightly above the s level at the atomic limit,
with the result that the s shell will fill up, giving the
atomic configurations d7s2 and d8s2, respectively. This
matches with the overall tendency of the magnetic mo-
ments in Os and Ir to increase as the wire is stretched
(at least for large enough bond lengths) in the following
way. Two mechanism are at work. The first one, valid as
long as the band widths are still substantial, is that as
the d band width decreases, the spin polarization within
the d shell increases due to exchange. The second mech-
anism, valid in the atomic limit, is that as the s shell fills
up, the number of d electrons decreases, which, equiva-
lently, results in an increased magnetic moment. In Pt, s
and d levels are essentially degenerate, and consequently
the s shell never fills up completely (atomic configuration
d9s1). In Au the d level lies clearly beneath the s level,
and so the d shell will be fully occupied for large enough
bond lengths. This is the reason why the d magnetism
in the Au wire disappears at larger bond lengths.
2. Band structures
Some more detailed insight regarding the shape of the
magnetic profiles can be gained by analyzing the band
structures, and how they change as a function of bond
length. Band structures for two different bond lengths,
the equilibrium bond length, and a larger one of 2.8 A˚,
roughly representing two magnetic regimes, are shown in
Fig. 3 for each of our four elements. The bands run from
the zone center, Γ, to the zone edge, A, in the direction
of the wire.
The character of the bands close to the Fermi level is of
critical importance for the moment formation, and there-
fore we also show character-resolved bands, see Fig. 4.
We found it useful to split up the d character into dz,
dxz + dyz and dxy + dx2−y2 , and so, Fig 4 has four
panels, displaying separately the s, dz, dxz + dyz and
dxy + dx2−y2 characters of the bands. The vertical error
bars, or “thickness”, of the bands indicate the relative
character weight. The data in Fig 4 has been taken from
a calculation for Pt. However, for the other metals, the
relative weight of the orbitals for each band is qualita-
tively similar to the one shown. From Fig. 4, we see
that almost all bands in the vicinity of the Fermi level
have predominantly d character. In fact, there are only
two bands with some s character crossing the Fermi level
5(see upper left panel in Fig. 4). Of these, the highest
lying band crosses the Fermi level halfway between the
zone center and zone edge. This band is almost purely
s at that crossing. For Ir, Os and Pt, this band actually
crosses the Fermi level twice. However, the degree of s
character for this band diminishes rapidly as the recipro-
cal lattice vector approaches the zone center Γ, i.e., the
second crossing is d-dominated, as is evident from Fig. 4.
The second one of the two s-containing bands crosses
the Fermi level close to the zone edge (A). At that point,
it has some s character, but is in fact dominated by dz
character.
At Γ and A, both of them critical points by symmetry,
all band dispersions are horizontal, giving rise to very
sharp band edge van Hove singularities, a feature due to
the one-dimensionality of the systems. Since the bands
have mostly d character at the edges, the exchange en-
ergy gain will be rather large if a band spin-splits so that
one of the spin-channel band edges ends up above the
Fermi level, and the other one below. Strictly speaking,
the spin-orbit coupling will mix the two spin channels
so that, in general, an eigenvalue will have both majority
and minority spin character. However, in the present cal-
culations, this mixing is so small, typically just a few per-
cent, that it is irrelevant for the qualitative discussion we
make here. Thus, if a band edge ends up sufficiently near
the Fermi level, we may expect a magnetic moment to de-
velop. While apparently similar to the magnetization of
the jellium wire, magnetism here is much more substan-
tial, the d states involving a much stronger Hund’s rule
exchange. We now go through all four metals, starting
with Os, analyzing how the band edges move as a func-
tion of bond length, and how this affects the magnetic
state of the wires.
Os: The magnetism in the Os wire has two regimes,
one for bond lengths below 2.6 A˚, and one for bond
lengths above this value. Below 2.6 A˚, the magnetic
moment actually decreases with increasing bond length.
At the equilibrium bond length, only one band edge (of
mostly dz character and some s character), at A, has
spin-split around the Fermi level (see panel a in Fig 3).
This gives rise to a small moment of a few tenths of a
µB. As the bond length increases, this band edge moves
downward, through the Fermi level, and the magnetic
moment is killed off. At the same time, the band edges
(at Γ and A) of the rather flat dxy + dx2−y2 band come
sufficiently close to the Fermi level, causing a large split-
ting (see panel b). This results in a rapid increase of the
magnetic moment, creating the second, large-moment,
magnetic regime.
Ir: With one more electron than Os, the bands of the
Ir wire lie generally deeper. At the equilibrium bond
length, the band edge responsible for the low-moment
regime for Os lies well below the Fermi level and is inac-
tive. With increased bond length, the A edge of the flat
dxy+dx2−y2 band gradually sinks toward the Fermi level
and eventually causes a large magnetic splitting. Thus,
the whole magnetic regime in Ir is similar to the large-
moment regime in Os.
Pt: In Pt, the very same flat dxy+dx2−y2 band leading
to Hund’s rule magnetism in Os and Ir behaves here in
the opposite way. At very small bond lengths (2.2 A˚), this
band is entirely occupied, and moves upwards (instead of
downwards) with increased bond lengths. As the edge at
A touches the Fermi level, a magnetic moment develops.
Two other bands, a dz2-dominated one with band edge
at A and a dxz+dyz-dominated one with band edge at Γ
are also important. They are just slightly higher in en-
ergy than the first band edge, and with increasing bond
length, they move to lower energies. Thus, these three
band edges become increasingly degenerate with stretch-
ing, and split around the Fermi level at 2.4 A˚, causing a
rapid increase in the magnetic moment.
Au: For Au, the d bands causing the magnetism in Os,
Ir, and Pt lie well below the Fermi level and cannot give
rise to a magnetic moment. The magnetically active band
edge is at Γ, and belongs to a band with relatively high
dispersion and dxz+dyz character. With increasing bond
length, this band edge moves downward, and as it passes
through the Fermi level it creates a small magnetic mo-
ment. As can be seen in Fig. 3, panel h, the spin splitting
of the band edge is really very tiny, and the magnetism in
Au is reminiscent of the magnetism of the jellium cylin-
der, i.e., a band-edge phenomenon rather than Hund’s
rule driven spin polarization. Further stretching causes
this edge to sink below the Fermi energy, and the mag-
netic moment consequently disappears. It is not clear at
present whether this moment may be of any real physical
significance.
C. Ballistic conductance channels
As seen from the above discussion of the nanowire band
structures, spin-splitting of bands does alter the number
of bands — or channels — n crossing the Fermi level. By
virtue of the Landauer formula
G =
e2
h
∑
i
τi, (1)
where τi is the transmission through channel i, the bal-
listic conductance measured has, in units of 1
2
G0 = e
2/h,
precisely the number of bands n crossing the Fermi level
as its upper limit. Thus, the conductance through the
wires should be affected by magnetism.
Fig. 5 shows how the number n of conducting chan-
nels is influenced by nanowire spin-polarization and bond
length. For Os and Pt in their magnetized state at the
equilibrium bond length, n is large, 11 and 8, respec-
tively, against 12 and 10 in the nonmagnetic state. Mag-
netism has decreased the number of channels, but not
dramatically so. Should all these channels transmit fully,
a large ballistic conductance of 4G0 for Pt or 5.5G0 for Os
would ensue, to be compared with nonmagnetic values of
5G0 and 6G0, respectively.
6In reality however most of the open channels have d
character. While the conductance of the broad band s
channels is generally close to one owing to nearly com-
plete transmission, that of the narrow band d channels
is much smaller, with a high reflection at the lead-wire
junction, generally dependent on the detailed junction
geometry. Of the conductance channels in these met-
als, two have s character, both in the spin-polarized and
nonmagnetic calculations, bringing an expected contri-
bution close to G0 to the total conductance. All the
other channels have predominantly d character. Their
contribution to the conductance is therefore expected to
be much smaller than 1
2
G0 per channel. We may thus ex-
pect these wires to have a conductance above G0 but well
below 4G0 and 5.5G0, respectively. Since the scattering
of the d waves at the junctions depends highly on the ge-
ometry, whose details will change at every realization,
we also expect the conductance histograms to exhibit
peaks that could be both broad and poorly reproducible.
For Ir, our calculations indicate that the conductance at
the equilibrium bond length should lie between G0 and
5G0. For these three metals, according to our calcula-
tions the number of conductance channels decreases —
by and large — as the wire is stretched. However, the
disappearing channels are always d-dominated.
Of the metals Os, Ir and Pt, measured conductance
histograms have been published only for Pt so far. Smit
et al.24 find a large, broad peak centered around 1.5G0
and a smaller bump centered around 2.2G0. The con-
ductance histograms reported by Yanson25 are similar in
structure, but the positions are shifted, to around 1.7G0
and 3G0. Rodrigues et al.
26 find a peak centered around
1.4G0, and in addition a peak at very low conductance,
around 0.5G0.
In the Au wire, we find theoretically four open conduc-
tance channels. Two of these are s dominated, just as
for the other metals, and two are d dominated. However,
the d channels are merely touching the Fermi level, and
are therefore expected to have a very marginal effect on
the conductance. Experimentally, gold nanowires yield
a rather sharp peak between 0.9G0 and G0, confirming
that the d influence is probably very small.
IV. CONCLUSIONS
In conclusion, our calculations suggest that the Os,
Ir, and Pt monatomic nanowires should exhibit sponta-
neous Hund’s rule superparamagnetism for values of the
bond length at equilibrium or — in the case of Ir —
slightly above. The energy gain connected with the mag-
netic state is small, less than 10 meV for Os and Pt at
the equilibrium bond length. Au nanowires also theo-
retically magnetize, but the calculated energy gain is an
order of magnitude smaller than for the other metals.
From a methodological point of view, the spin-orbit cou-
pling is found to be crucial for a correct description of
the magnetic state, as is probably the use of all-electron
techniques.22
How might this magnetism be detected experimen-
tally? Merely measuring the conduction through the wire
at one single temperture and magnetic field strength will
most probably not give conclusive information regard-
ing the magnetic state of the atoms in the wire, since
the tranmission through d channels is rather poor and
vary greatly with geometry and can hardy be regarded
as quantized. A key experiment would be to measure bal-
listic conductance as a function of temperature and of ex-
ternal magnetic field. At high temperature and zero field
the nanowire should be nonmagnetic, due to fast fluctu-
ations. High field and low temperature would take the
nanowire to a magnetic, or in any case to a slowly fluc-
tuating superparamagnetic regime. In this transition the
number of conductance channels should diminish, and
so should the conductance — even if not by very much.
At sufficiently low temperatures, the conductance should
definitely be field sensitive. Such a behavior would be a
clear indication of a superparamagnetic state.
In some situations, more majority bands may cross the
Fermi level than do minority bands, leading to partial
spin-polarization of the transmitted electron current. If
this current could be measured, it would be a very direct
way of confirming the existence of a superparamagnetic
state.
Fractional conductance peaks have been observed ex-
perimentally, for example the 1
2
G0 peak reported by Ono
for Ni,27 and very recently by Rodrigues et al. for Co,
Pd and Pt,26 at room temperature and zero field. These
results are intriguing, since we expect that the s channel
alone should yield a conductance larger than that. The
peaks observed in Co, Pd, and Pt, centered around 1
2
G0,
are rather broad, which suggests that they might not
be caused by one single fully transmitting spin-polarized
channel, but perhaps by several poorly conducting chan-
nels. We discussed in previous work,28 a possibility to
obtain conductance G0 from a magnetic transition metal
nanowire with a magnetization reversal occurring inside
the nanowire. This could further drop to 1
2
G0 in an asym-
metrical situation, with a net prevalence of majority spins
over minority spins. Although it is not inconceivable that
this might occur in Co and Ni, we are unable to explain
at the moment how that kind of state could be sustained
in Pt, and by extension in Pd too, at the experimental
conditions of zero field and room temperature. It would
anyway be interesting to see the effect of cooling and of
an external field on these results.
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FIG. 1: Total magnetic moments, both with spin-orbit cou-
pling (FR) and without (SR), per atom as a function of bond
length. The dashed vertical line points out the equilibrium
bond length.
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FIG. 2: Bottom and top of the s and d bands as a function
of bond length. The Fermi energy is at zero.
10
FIG. 3: Band structures, along the wire direction, at two
different bond lengths (the equilibrium one, and a larger of
2.8 A˚) for each element. The Fermi energy is at zero. Band
doubling (present in panels a, b, d, e, f, and h) indicates spin
splitting due to magnetic order.
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FIG. 4: Character-resolved band structure for nonspinpolar-
ized Pt, along the wire direction. The Fermi energy is at zero.
12
6
8
10
12
FM
NM
6
8
10
n
u
m
be
r o
f c
on
du
ct
an
ce
 c
ha
nn
el
s
6
8
10
2.2 2.4 2.6 2.8 3 3.2
bond length (Å)
2
3
4
Os
Ir
Pt
Au
FIG. 5: The number of open conductance channels as a func-
tion of bond length. FM = ferromagnetic calculation; NM =
nonmagnetic calculation. The dashed vertical line points out
the equilibrium bond length.
